Human apolipoprotein (apo) C-II is one of several plasma apolipoproteins that form amyloid deposits in vivo and is an independent risk factor for cardiovascular disease. Lipid-free apoC-II readily self-assembles into twisted-ribbon amyloid fibrils but forms straight, rod-like amyloid fibrils in the presence of low concentrations of micellar phospholipids. Charge mutations exerted significantly different effects on rod-like fibril formation compared to their effects on twisted-ribbon fibril formation. For instance, the double mutant, K30D-D69K apoC-II, readily formed twisted-ribbon fibrils, while the rate of rod-like fibril formation in the presence of micellar phospholipid was negligible. Structural analysis of rod-like apoC-II fibrils, using hydrogen-deuterium exchange and NMR analysis showed exchange protection consistent with a core cross-b structure comprising the C-terminal 58-76 region. Molecular dynamics simulations of fibril arrangements for this region favoured a parallel cross-b structure. X-ray fibre diffraction data for aligned rod-like fibrils showed a major meridional spacing at 4.6 A and equatorial spacings at 9.7, 23.8 and 46.6 A. The latter two equatorial spacings are not observed for aligned twisted-ribbon fibrils and are predicted for a model involving two cross-b fibrils in an off-set antiparallel structure with four apoC-II units per rise of the b-sheet. This model is consistent with the mutational effects on rod-like apoC-II fibril formation. The lipiddependent polymorphisms exhibited by apoC-II fibrils could determine the properties of apoC-II in renal amyloid deposits and their potential role in the development of cardiovascular disease.
Introduction
Mature apolipoprotein (apo) C-II is comprised of 79 amino acids and is a component of very low-density lipoproteins [1] . Plasma levels of apoC-II show a significant association with the incidence of cardiovascular disease, stroke and myocardial infarction [2] . While the mechanism for this association is not known, several observations suggest amyloid fibril formation may be involved. The capacity of apoC-II to form amyloid fibrils in vivo is highlighted by recent studies that establish apoC-II as the main protein component in two new types of renal amyloidosis [3, 4] . Members of the apolipoprotein family, including apoA-I, apoA-II, apoA-IV, apoC-II, apoC-III, apoE, serum amyloid A and a-synuclein, are widely associated with amyloid diseases and account for a significant proportion of the list of approximately 36 proteins known to form Abbreviations apo, apolipoprotein; GuHCl, guanidine hydrochloride; H/D, hydrogen/deuterium; KDDK, K30D-D69K; LysoMPC, 1-Myristoyl-2-Hydroxy-snGlycero-3-Phosphocholine; MD, molecular dynamics; ThT, thioflavin T; WT, wild type.
amyloid fibrils in vivo [5, 6] . The limited stability of apolipoproteins in the lipid-free state has been proposed as the structural basis of the wide-spread occurrence of apolipoproteins in amyloid disease [7] .
Several apolipoproteins, including apoC-II, deposit in atherosclerotic lesions co-localized with the amyloid marker, serum amyloid P [8] . Amyloid fibrils formed from lipid-free apoC-II induce several markers of the macrophage inflammatory response, suggesting an active role for apoC-II in the progression of atherosclerosis [9] . For instance, several receptors implicated in atherogenesis mediate the clearance of amyloid fibrils, including apoC-II and Ab amyloid fibrils, leading to the activation of inflammatory signalling cascades [10] .
Under physiological conditions, lipid-free apoC-II spontaneously forms homogeneous twisted-ribbon fibrils with all of the hallmarks of amyloid fibrils including a cross-b structure and the ability to bind Congo red and Thioflavin T [11, 12] . A range of physical methods have been used to characterize the structure of the twisted-ribbon fibrils formed by lipid-free apoC-II [12] . The model proposes a single apoC-II molecule in a 'letter G' configuration with the cross-b structure composed of N-and C-terminal regions that form an outer and inner b-sheet, respectively. An important feature of this model is the presence of a buried charge-pair between K30 and D69 residues. This ion pair accounts for the apparent paradox that apoC-II can adopt an amphipathic a-helical structure in the presence of phospholipid with polar residues aligned on one side of the helix and a cross-b structure in the lipid-free state where residues alternate between solvent exposed and buried positions [13] .
Studies of the effects of lipids on apoC-II show that high concentrations of micellar or vesicular phospholipids completely inhibit fibril formation [14, 15] . However, in the presence of low concentrations of micellar or vesicular phospholipids, fibril formation is only partly inhibited with a two-phase growth pattern leading to the formation of fibrils with a distinct, straight, rod-like morphology [15] . Such structural polymorphisms are common for other amyloid systems [16] including Ab fibrils [17, 18] where the different morphologies show differing toxicities, and PrP where molecular-level polymorphisms provide the underlying mechanism for distinct prion strains [19] . Currently, little is known about the properties of the two distinct fibril morphologies exhibited by apoC-II. Mutations of the charge-pair residues K30 and D69 exert significant effects on the rate of formation and stability of twisted ribbon fibrils [13, 20, 21] . We explored the effect of these mutations on the rate of formation of rod-like apoC-II fibrils. We have also applied several biophysical methods to develop a structural model for rod-like apoC-II fibrils which permits a comparison with the existing model for twisted-ribbon apoC-II fibrils [12] .
Results
The effect of mutations on rod-like apoC-II fibril formation Previous structural and mutational studies of twistedribbon apoC-II fibrils identified a buried K30-D69 ion pair that linked the N-and C-terminal regions of apoC-II and modulated both the rate of fibril formation and fibril stability [13, [20] [21] [22] . It was therefore of interest to determine the effect of the mutations in this ion pair on rod-like fibril formation. The results in Fig. 1 show the rate of fibril formation by wild-type apoC-II (WT) and three apoC-II mutants, K30D, D69K, and the double mutant K30D-D69K (KDDK), in the absence and presence of 500 lM 1-Myristoyl-2-Hydroxy-sn-Glycero-3-Phosphocholine (LysoMPC). As previously reported, twisted-ribbon fibril formation by lipid-free WT, D69K and KDDK apoC-II is rapid while fibril formation by K30D apoC-II under these conditions is comparatively slow [20] . The observed differences in the fluorescence yields of WT and mutant apoC-II are attributable to differences in the net charge of the fibrils [20] . The rates of apoC-II rod-like fibril formation in the presence of 500 lM LysoMPC differed significantly. The initial stages of rod-like fibril formation by WT, D69K and K30D apoC-II were inhibited while over an extended period of time (400-600 h) thioflavin T (ThT) fluorescence increased to higher levels than those observed in the absence of LysoMPC. This increase is consistent with the formation of rod-like fibrils that have previously been shown to have a higher ThT fluorescence yield compared to twisted-ribbon fibrils [15] . The results in Fig. 1B indicate the rate of rod-like fibril formation by D69K apoC-II is similar to WT, whereas a slower increase in rod-like fibril formation is observed for K30D apoC-II. The results obtained for fibril formation by KDDK apoC-II in the presence of 500 lM LysoMPC were similar to those for KDDK apoC-II in the absence of phospholipid. Very little inhibition was observed at the early stages of incubation and the plateau levels of ThT fluorescence obtained after prolonged incubation were similar to those observed in the absence of phospholipid.
Electron microscopy analysis of rod-like apoC-II fibrils
Transmission electron microscopy studies, using negative staining confirmed the formation of rod-like fibrils by WT, D69K and K30D apoC-II after prolonged incubation in the presence of 500 lM LysoMPC (Fig. 2) . Electron micrographs of fibrils formed by KDDK apoC-II in the presence of 500 lM LysoMPC for the same period revealed some rod-like fibril formation, but a majority of twisted ribbon fibrils (Fig. 2G,H) . Analysis of the negatively stained images indicated variation in the width of rod-like fibrils, although no significant differences between WT (7.9 AE 1.3 nm), K30D (10.0 AE 1.7 nm), D69K (11.0 AE 2.3 nm), and KDDK (8.9 AE 2.0 nm) fibril widths were observed (measurements are mean AE SD; n > 120). This variation may indicate a lack of cylindrical symmetry or differences in the depth of the negative stain in different regions of the grid. The periods of the regular helical twist evident in the fibril long axis were WT (98.2 AE 12.3 nm), K30D (91.5 AE 6.4 nm), D69K (93.5 AE 7.0 nm), and KDDK 
Cross-seeding of rod-like apoC-II fibril formation
A characteristic property of rod-like apoC-II fibrils is the ability of small seeds, obtained by freeze-fracture, to accelerate or seed rod-like fibril formation by apoC-II in either the presence or absence of added phospholipid [15] . Seeding experiments were conducted to investigate whether fibril seeds obtained from WT, K30D, or D69K rod-like fibrils could seed the formation of rod-like fibrils by other apoC-II mutants. Electron micrographs of seeds obtained by freeze-thawing of WT, D69K and K30D apoC-II rod-like fibrils revealed rod-like fibril seeds with typical lengths in the range 20-80 nm, as reported previously [15] . These seeds were incubated (2% w/w of the total protein) with WT, D69K, K30D and KDDK apoC-II monomer at 1 mgÁmL À1 , in the presence of 500 lM
LysoMPC. The results of ThT fluorescence monitoring showed that WT apoC-II monomer undergoes an accelerated second aggregation phase in the presence of WT, D69K and K30D apoC-II seeds ( Fig. 3 ) compared to the absence of seeds (Fig. 1) . The higher plateau levels of ThT florescence, compared to fibrils grown in the absence of LysoMPC (Fig. 1) , are indicative of the formation of rod-like fibrils [15] . Similar results were obtained, using WT, D69K and K30D apoC-II seeds added to either D69K or K30D monomers, where accelerated fibril formation compared with non-seeded fibril formation and higher plateau levels of ThT fluorescence were observed, consistent with the formation of rod-like fibrils. These results may be contrasted with the results for the KDDK apoC-II monomer where the addition of WT, D69K and K30D apoC-II seeds generated a much slower increase in ThT fluorescence and lower overall levels after prolonged incubation confirming the reduced ability of KDDK apoC-II to form rod-like apoC-II fibrils. The increases observed indicate WT and D69K seeds are more effective than K30D seeds in promoting KDDK fibril formation. Notwithstanding the lower overall ThT fluorescence development with the seeded KDDK apoC-II fibril incubations, electron micrographs of the products formed revealed extensive formation of rod-like KDDK fibrils with average lengths in the 100-300 nm size range (Fig. 4 ).
Hydrogen/deuterium exchange studies
Hydrogen/deuterium (H/D) exchange coupled with NMR studies has been used previously to develop a structural model for twisted-ribbon apoC-II fibrils [12] . This method was applied to the analysis of rod-like apoC-II fibrils. Two-dimensional (2D) 1 H-15 N SOFAST HMQC NMR spectra for rod-like fibril samples exposed to D 2 O over 24 h as well as protonated reference samples are presented in Fig. 5A ,B, respectively. The amide proton assignments shown are based on sequential resonance assignments of 13 C, 15 N-apoC-II reported previously [23] . The results show retention of resonances arising from the C-terminal region of apoC-II following D 2 O exposure. This H/D exchange protection is displayed in Fig. 5C as the ratio of signal intensity relative to the protonated reference sample. Strong protection is observed for residues 58-76. These results may be compared to previous results for twisted ribbon fibrils where protection was observed for both the (19-37) N-terminal region and (57-74) C-terminal region [23] . The results indicate that the cross-b structure of rod-like apoC-II fibrils is composed solely of the C-terminal region, in contrast to the G-like structure of twisted-ribbon fibrils composed of both N-and C-terminal regions. The observed continuity of amide proton exchange protection throughout this region suggests that residues 58-76 form one continuous b-strand and do not contain any turn structure. These results imply that at least two apoC-II molecules are included per rise of the cross-b sheet.
Acrylamide quenching analysis
The lack of H/D exchange protection in the N-terminal region of rod-like apoC-II fibrils raised the question of whether this region was structurally disordered. Acrylamide fluorescence quenching experiments were performed to determine the accessibility of W26 to solvent. Stern-Volmer plots (Fig. 6) show strong acrylamide quenching of W26 in freshly prepared apoC-II characterized by a quenching constant of 9.7 AE 0.1 while acrylamide quenching for twisted-ribbon and rod-like fibrils was significantly lower with quenching constants of 4.2 AE 0.1 and 3.5 AE 0.1, respectively. These results indicate that while the N-terminal region of rod-like fibrils displays low H/D exchange protection, residue W26 was protected from solvent and in a buried location. Samples were incubated in 100 mM sodium phosphate buffer pH 7.4 with 500 lM LysoMPC at 20°C for 300 h. (A,B), WT seeds; (C, D), D69K seeds and (E,F), K30D apoC-II seeds. Samples were diluted to 0.1 mgÁmL À1 with distilled water prior to imaging. Scale bars are 100 nm.
Molecular dynamics simulations of apoC-II 56-76 peptide fibrils
The results of the H/D exchange analysis of rod-like fibrils indicate strong exchange protection of residues 58-76 consistent with a cross-b structure comprising adjacent apoC-II molecules with at least two molecules per rise of the b-sheets. Molecular dynamics (MD) simulations were carried out to estimate the relative stabilities of parallel and anti-parallel orientations of peptide fibrils composed of apoC-II (56-76), a peptide sequence we have previously shown to spontaneously form amyloid fibrils [24] . Three starting arrangements of the b-strands for both parallel and anti-parallel configurations were considered (Fig. 7) .
Starting arrangements 1, 2 and 3 were distinguished by the exposure of the charged D69 residues on the outside of the cross-b sheet of 1, 0 and 2, respectively. The results of the MD simulations show parallel arrangement 3 preserved the highest amount of bstructure for the middle four subunits of the fibril with a cluster population of 74% (Fig. 8) and average inter-sheet spacing of 10.4 AE 1.9
A. Of the anti-parallel arrangements, only arrangement 3 preserved appreciable b-structure with a cluster population of 35%. Overall, the MD results indicate as favourable the parallel arrangement 3 of the C-terminal region in rod-like apoC-II fibrils with some distortion of the bcontent in the region 68-76. This distortion is attributable to the effects of the charged residue K76, an effect that may be reduced in the full-length protein by the presence of the negatively charged Glu residues at positions 78 and 79. These results are consistent with sequence based predictions from PASTA 2.0 [25] , where the ten lowest energy self-pairing sequences from calculations using the complete apoC-II sequence comprised parallel arrangements of 4-16 residue segments spanning positions 60-76.
X-ray diffraction analysis
X-ray diffraction data for aligned rod-like apoC-II fibrils are presented in Fig. 9 . The diffraction pattern is typical of a cross-b structure with dominant orthogonal reflections on the meridional and equatorial axes [26] . Analysis of the data shows major peaks on the meridional and equatorial axis with spacings of 4.60 AE 0.01 and 9.69 AE 0.01 A, respectively (Table 1) . These values correspond to the spacings between the b-strands of each b-sheet and between the b-sheets in the cross section of the cross-b structure. The values can be compared to values for meridional and equatorial spacings of 4.65 AE 0.01 and 9.57 AE 0.02 A, respectively, previously reported for aligned twisted-ribbon apoC-II amyloid fibrils [21] . Thus, both the meridional and equatorial spacings are different for the twistedribbon and rod-like fibrillar structures. The two longer equatorial spacings (23.8 and 46.6 A) for rod-like fibrils are not observed in X-ray diffraction patterns for aligned twisted-ribbon fibrils [12, 21] and suggest the presence of more than two b-sheets in the fibril cross section.
As fibre diffraction data suggested more than two bsheets in the fibril cross section, arrangements of multiple units of parallel arrangement 3 ( Fig. 7) were The lines drawn through the data are best-fit lines calculated as described previously [12] . Data are presented as the mean of two independent measurements. Error bars represent the standard deviation. Fig. 7 . Energy minimized starting structures used for MD simulations. Pre-formed apoC-II (56-76) fibril 12-mers were arranged into three different parallel and anti-parallel arrangements. Straight fibril models for simulation were composed of two apoC-II molecules per rise joined in a cross-b structure with~4.8 A distance between the b-strands and~10-11 A intersheet separation. explored, and simulated X-ray diffraction patterns were calculated and compared to the experimental diffraction data (Fig. 9) . Two units of the parallel arrangement 3 starting structure arranged in the fibril cross section as in Fig. 9B provided the closest fit to the experimental diffraction pattern (Fig. 9A , lower left quadrant). In particular, two lower resolution reflections in the calculated diffraction pattern result from this configuration at similar positions to those observed in the experimental data, and these are not observed for a single cross-b unit. Considerations of the spatial packing of the two units together and the exposure of D69, suggested that the two units would most likely take an anti-parallel configuration with respect to each other. Thus, this configuration of the cross-b structure in the fibril cross section provides a model of the fibril core structure that is consistent with our biophysical data.
Discussion
Rod-like and twisted-ribbon apoC-II fibrils differ considerably in their morphologies but exhibited broadly similar X-ray diffraction patterns consistent with their inherent cross-b structure, a defining characteristic of amyloid fibrils. Morphological analysis of rod-like fibrils showed they are essentially cylindrical in nature with widths of approximately 8-11 nm and a regular helical twist period of around 90-100 nm, consistent with previous data [15] . In contrast, twisted ribbon fibrils display widths of approximately 12 nm and ribbon thickness of about 2 nm determined from atomic force microscopy [12] . A major difference between twistedribbon and rod-like apoC-II fibrils was detected by H/D exchange experiments. For twisted ribbon fibrils, H/D exchange protection was observed in both N-and C-terminal regions. This protection pattern is consistent with a G-like subunit structure with a rise of one apoC-II subunit per b-strand interval where the N-and C-terminal regions form separate parallel b-sheets of parallel strands connected by a flexible loop [12] . In contrast, our H/D exchange data for rod-like fibrils indicated protection is limited to the C-terminal region, implying at least two apoC-II molecules per b-strand rise. Cylindrical models involving 2, 3, or 4 tightly packed apoC-II molecules per b-strand rise, have calculated fibril widths of approximately 7.65, 9.37 and 10.8 nm, respectively. The widths of rod-like fibrils estimated from analysis of negative staining electron microscopy images lie in the range 8-11 nm. This wide variation, together with the uncertainties in fibril cross-section shape, conformation and position of the N-terminal part of the protein, and depth of the negative stain in different regions of the grid do not allow a distinction between models involving 2, 3 or 4 apoC-II units per rise of the b-sheet. Errors represent the standard error of the mean of four measurements; two independent aligned samples each measured at two distal positions.
Our model for rod-like fibrils comprises four apoC-II molecules per rise, consistent with the long equatorial spacings observed in our fibre diffraction data. This configuration has significant implications for the assembly of rod-like fibrils. For twisted-ribbon amyloid fibrils, where there is one molecule per rise of the b-sheet, a simple subunit self-association mechanism adequately describes the kinetics of fibril formation [27] . Since twisted-ribbon fibrils involve both N-and C-terminal b-sheets it is unlikely that twisted-ribbon fibrils represent an intermediate in the formation of rod-like fibrils. A more likely assembly mechanism would be initial dimer formation via interactions between the C-terminal regions of two apoC-II molecules forming an amyloidogenic nucleus that serves as a starting point for subunit addition and fibril growth. This mechanism would explain the action of low concentrations of lipid micelle and vesicle surfaces in promoting rod-like fibril formation since apoC-II subunits concentrated at the lipid surface would facilitate dimer formation. Similarly, the acceleration of rod-like apoC-II fibril formation by short rod-like fibril seeds would provide a nucleus to circumvent the need for an initial sub-unit dimerization.
The time-dependent formation of rod-like fibrils by WT, K30D and D69K apoC-II contrasts with the inability of the double mutant, KDDK apoC-II to form rod-like fibrils under the same conditions. An explanation for this observation is that the K30D mutation occurs in a lipid-binding region of apoC-II [28] , limiting the ability of this mutant to bind to the lipid surface and initiate dimerization and subsequent fibril elongation. Such an effect would also limit rodlike fibril formation by the single mutant, K30D apoC-II. Indeed, rod-like fibril formation by K30D apoC-II is slower than that observed for WT and D69K apoC-II. An extenuating circumstance arises in the case of K30D apoC-II, which has a significantly reduced ability to form twisted-ribbon fibrils [13] . This competing pathway, available to KDDK apoC-II, would also further limit the ability of the double mutant to form rod-like fibrils. The observation that WT, K30D or D69K apoC-II fibril seeds promote the formation of KDDK rod-like fibrils is consistent with this explanation since the seeds would bypass the need for KDDK apoC-II to bind initially to a lipid surface.
The model we propose for rod-like apoC-II amyloid fibrils extends the list of stable conformations adopted by the protein. NMR analysis of apoC-II in the presence of sodium dodecyl sulphate or dodecylphosphocholine micelles has defined a predominantly a-helical structure, with helices located in both the N-and C-terminal regions of the molecule [29, 30] . A well-defined apoC-II dimer forms in the presence of submicellar concentrations of sodium dodecylphosphocholine [31] . In addition to these conformations, apoC-II spontaneously forms homogeneous twisted-ribbon fibrils in the absence of lipids and rod-like fibrils in the presence of low concentrations of micellar lipids. The conformational flexibility of apoC-II may be a common feature of the apolipoprotein family where specific and discrete structures form. This structural metamorphism could determine the fate of apoC-II in amyloid deposits and underlie the observed association between apoC-II plasma levels and the risk of cardiovascular disease.
Materials and methods

Expression and purification of apoC-II
The pET-11a expression plasmid containing WT apoC-II, K30D, D69K and the double mutant (K30D, D69K) apoC-II (KDDK)were purified by Miniprep (Qiagen Inc., Germantown, MD, USA) and transformed into Escherichia coli BL21(DE3) for expression and purification as described previously [11, 20] . 15 N labelled WT apoC-II was expressed and purified using the protocol previously described [32, 33] . Purified apoC-II preparations were stored as 30-40 mgÁmL À1 stocks at À20°C in 5 M guanidine hydrochloride (GuHCl) and 10 mM Tris.HCl, pH 8.0.
ApoC-II fibril formation
ApoC-II fibril formation was initiated by diluting protein stock into sodium phosphate buffer (100 mM sodium phosphate, 0.1% (w/v) sodium azide, at pH 7.4), to a final concentration of 1 mgÁmL
À1
, either in the absence or presence of 500 lM LysoMPC. Samples were incubated at 20°C to allow the formation of amyloid fibrils.
Rod-like fibrils were also obtained using seeds of preformed rod-like fibril as templates to elongate apoC-II monomer into fibrils. Mature rod-like fibrils were separated from twisted ribbon fibrils by centrifugation at 14 500 g for 2 min. Twisted ribbon fibrils do not sediment appreciably under these conditions. The pellet was then resuspended in an equal volume of refolding buffer containing 500 lM LysoMPC at pH 7.4. The process was repeated three times to optimize the purity of rod-like fibrils. Isolated rod-like fibrils were fragmented by freezing in liquid nitrogen and thawing in a water bath at 25°C. Seven freeze-thaw cycles were employed. The concentration of the rod-like fibril seeds prepared in this way was in the range of 0.7-0.85 mgÁmL
. Rod-like fibril formation via template was initiated by adding 2% seeds (w/w final total protein concentration) and protein stock into refolding buffer with 500 lM LysoMPC at pH 7.4, to a final concentration of 1 mgÁmL À1 .
15
N labelled apoC-II protein stocks were exchanged into refolding buffer using a NAP 5 desalting column (GE Healthcare, Chicago, IL, USA) to remove residual GuHCl. Rod-like fibril formation was initiated by adding WT apoC-II seeds (2% w/w final total protein concentration, prepared as described above) to 15 N labelled apoC-II in refolding buffer with 500 lM LysoMPC at pH 7.4, to a final concentration of 1 mgÁmL À1 and incubated at 20°C for 7 days.
Thioflavin T fluorescence assays
ThT purchased from Sigma (St. Louis, MO, USA) was used to monitor amyloid fibril formation [34, 35] . Aliquots (20 lL) of incubation mixtures were mixed with ThT in a 96-well microtiter plate well to give a final concentration of 10 lM ThT in phosphate buffer and a final volume of 250 lL. The presence of lipids in the incubation mixtures had no significant effect on ThT fluorescence. Fluorescence intensities were measured using an f max fluorescence plate reader with excitation and emission filters of 444 and 485 nm, respectively. Measurements were made in duplicate.
Transmission electron microscopy
Carbon-coated copper grids were glow discharged for 15 s prior to sample application. ApoC-II fibril samples were diluted with distilled water to 0.1 mgÁmL
À1
, applied to grids, and allowed to adsorb for 1 min. Samples were then blotted from the grid, stained twice with 2% potassium phosphotungstate, pH 6.8 and air-dried. Grids were examined at the Bio21 Electron Microscopy Unit using a FEI Tecnai G2 TF20 transmission electron microscope (FEICompany, Eindhoven, The Netherlands), and a Gatan US1000 2k92k CCD Camera (Pleasanton, CA, USA) was used to acquire digital images.
Hydrogen/deuterium exchange analysis
H/D exchange experiments were performed as previously described [23] . Briefly, rod-like 15 N labeled apoC-II fibril samples were collected by centrifugation at 602 000 g for 30 min (MLA 130 rotor, OptimaMax centrifuge, Beckman Coulter, Brea, CA, USA). A batch of pellet obtained from an aliquot sample of 500 lL was kept separate for acquiring a 1 H-15 N SOFAST HMQC reference spectrum for the fully protonated sample. This pellet was immediately snapfrozen in liquid nitrogen and stored at À20°C. To initiate deuterium incorporation, the remaining fractions were resuspended in 2.5 mM Tris-HCl buffer, 100% D 2 O, pH 7.4 (uncorrected glass electrode reading) and incubated at 20°C. After 24 h the fibrils were collected by centrifugation at 602 000 g for 30 min and the resulting pellet was kept at À20°C. Prior to transfer to an NMR tube, the frozen pellets were solubilized in a solution containing 95% (v/v) d 6 
Fluorescence quenching analysis
Fluorescence quenching experiments were conducted using a Cary Varian Eclipse Fluorescence Spectrophotometer (Agilent Technologies) at 20°C using acrylamide as an external quencher. The excitation and emission wavelengths were set at 295 and 344 nm, respectively. Data was obtained for freshly prepared apoC-II and for samples (1 mgÁmL
À1
) incubated in sodium phosphate refolding buffer, pH 7.4, at 20°C for 750 h in the absence or presence of 500 lM LysoMPC. Serial additions of acrylamide (2 lL of 2 M) were added to the apoC-II samples (0.05 mgÁmL À1 ) and the effective quenching constants calculated as described previously [12] .
Molecular dynamics simulations
Explicit solvent MD simulations were performed to examine the conformational stability of preformed apoC-II (56-76) fibril 12-mers. This is the region that showed highest H/D exchange protection and the ability to form fibrils independently [23] . Three different parallel and antiparallel arrangements of a straight fibril composed of two apoC-II (56-76) molecules per rise joined in a cross-b structure (with~4.8 A distance between the b-strands and~10-11 A intersheet separation) were constructed using the Biovia Discovery Studio Visualizer [41] . The peptides were modelled in an extended conformation with the N-and C-termini capped with acetyl and amide groups respectively. The six different starting arrangements are shown in Fig. 7 .
All simulations were performed using GROMACS 5.1.2 modelling suite [42] , with the same simulation parameters and system setup approach used in our previous studies [13, 22] . The protein and water pairwise interactions were modelled, using the GROMOS 43A1 forcefield parameter set [43] and SPC water model [44] . Cross-cell interactions were prevented by placing each 12-mer fibril in a large cubic periodic box with a 12
A minimal distance between the solute and edges of the box. The simulation box was then solvated to water density of $ 1.0 gÁcm À3 . Initial energy minimization was performed, using the steepest descent approach to remove any steric clashes. To relax the solvent around the protein a short 100 ps MD simulation was conducted with the fibril restrained. Unrestrained NPT (constant number of particles, pressure and temperature) MD simulations were performed for 150 ns for each system, and a total of 900 ns of data were collected. The total energy and RMSD were monitored as a measure of equilibration, and the last 50 ns of simulations was used for analysis for each system.
Secondary structure analysis and visualization of the trajectories was done using the visual molecular dynamics (VMD) software [45] . To take into consideration any conformational variations and exclude the fraying/disordered ends, the secondary structure of the middle four subunits from each 12-mer were calculated using the STRIDE algorithm, and the data were averaged from the four subunit arrangements. Similarly, the inter-sheet spacing of the favoured parallel arrangement was measured from the middle four subunits by taking the average of the backbone acarbon separations of opposing (facing) residues A59-I66, the region of highest b-strand content and stability in the arrangements examined.
X-ray diffraction
Rod-like fibrils were pelleted by centrifugation at 435 000 g for 30 min using an OptimaMax centrifuge and a TLA-100 rotor (Beckman Coulter), followed by resuspension in distilled water. Centrifugation and resuspension were repeated three times to remove buffer salts. Finally, the fibril pellet was resuspended in a small volume of distilled water, to a concentration of approximately 10 mgÁmL
À1
. Fibrils were aligned using a modification of the stretch frame method [46] in which the distance between wax-tipped capillaries is held constant during the drying of the fibril suspension droplet. X-ray diffraction images were acquired at the Australian Synchrotron MX2 beamline operating at 13.0 keV (k = 0.954 A). The sample-to-detector distance was 200 mm, and the exposure time was 10 s. Diffraction images were analysed, using the software package CLEARER [47] . Simulated diffraction patterns were calculated using CLEARER [47] by constructing models of the fibril cross section using varying numbers and arrangements of the energy minimized starting structure for parallel arrangement 3 (Fig. 7) . Lattice vectors were set accordingly, with the vector in the fibril long-axis maintained at 4.60 A. Angular fibril disorder was 0.4 radians and the crystallite size was 100 A, 500 A, 50 A, corresponding to a short fibril and consistent with measured fibril widths.
